Abstract While conjugated polymer nanoparticles (CPNs) have been widely touted as ultra-bright labels for biological imaging, no direct comparative measurements of their intracellular brightness have been reported. Simple in vitro comparisons are not definitive since fluorophore brightness in vitro may not correspond with intracellular brightness. We have compared the fluorescence brightness of J774A.1 cells loaded with 24 nm methoxy-capped 2,000M r polyethylene glycol lipid PFBT nanoparticles (PEG lipid-PFBT CPNs) to cells loaded with carboxy-functionalized quantum dots (Qdots) or a dextran-linked small molecule organic dye, Alexa Fluor 488 dextran (AF488-dex). Under conditions likely to be used for biological imaging or flow cytometry, these CPNs are 175× brighter than Qdots and 1,400× brighter than AF488-dex in cells. Evaluation of the minimum incubation concentration required for detection of nanoparticle fluorescence with a commercial flow cytometer indicated that the limit of detection for PEG lipid-PFBT CPNs was 19 pM (86 ppb), substantially lower than values obtained for Qdots (980 pM) or AF488-dex (11.2 nM). Investigation of the mechanism of cellular uptake of the three fluid-phase labels indicates that these particles are passively taken into macrophage cells via macropinocytosis without interaction with cell surface receptors, and ultimately localize in lysosomes. In addition, no cytotoxicity could be observed at any of the CPN concentrations tested. Together, these data suggest that these CPNs are appropriate and attractive candidates as fluid-phase markers with significantly greater fluorescence brightness than existing dyes or nanoparticles. We expect that these CPNs will find application in both imaging and flow cytometry.
Introduction
Analyses of cellular functions routinely employ fluorescencebased techniques such as fluorescence microscopy and flow cytometry. For example, confocal and wide-field imaging techniques are used to visualize cell and organelle structure, while flow cytometry takes advantage of fluorescently labeled cells to analyze, sort, and classify populations of cells for a variety of applications. However, the success of both fluorescence imaging and flow cytometry depends on the availability of bright photostable fluorescent probes. Small molecule dye labels such as fluorescein or Texas red have been widely used, particularly as labels for endocytic compartments in live cells [1] . However, these organic fluorophores tend to photobleach rapidly [2] and are removed from the cellular environment via efflux pathways such as organic anion transporters [3] unless tethered to larger polymer molecules such as dextrans. Further, these fluorophores do not have sufficient fluorescent signal for straightforward single-molecule imaging [4] .
Fluorescent nanoparticles are a better photon source for biological applications due to their improved brightness, photostability, and lower susceptibility to transport out of the cell compared to small molecule labels [2, [5] [6] [7] . In addition, the nanoparticle surface can be coated with specific external shell materials like polyethylene glycol (PEG) lipid [8] [9] [10] [11] , amphiphilic block copolymer [9] , or silica [12] to increase nanoparticle solubility and stability in aqueous environments and provide functional groups for targeting to cell surface specific receptors and active delivery to specific cellular locations [11, 13, 14] . However, some nanoparticles result in cellular toxicity, which can arise from either core nanoparticle or the external shell composition [15] [16] [17] . Cytotoxicity is most noted for semiconductor quantum dots, due to the possibility of leaching heavy metal ions such as highly toxic Cd +2 from the nanoparticle core. Highly fluorescent organic dye polymers, such as PFPV (poly[{9,9-dioctyl-2,7-divinylenefluorenylene}-alt-co-{2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylene}], MEH-PPV (poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene], PDHF (poly(9,9-dihexylfluorenyl-2,7-diyl), and PFBT (poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(1,4-benzo-{2,1,3}-thiadazole)]) have been used to synthesize extremely bright conjugated polymer nanoparticles by a simple reprecipitation method [11, 18] . According to this method, when rapidly diluted from an organic solvent phase into aqueous solution, hydrophobic polymer molecules fold to exclude water from their surfaces, creating nanoparticles with concentrated intrinsic fluorescence, and extremely high absorption cross sections in vitro. For example, unmodified PFBT nanoparticles have a reported extinction coefficient of 5×10 7 M −1 cm −1 , a value ca. 100-fold greater than quantum dot nanoparticles of similar size and 1,000-fold greater than typical small molecule dyes [12] . In addition, nanoparticle excitation and emission can be tailored by mixing two different polymers, or doping with specific dyes [19, 20] . These physical and photophysical properties make reprecipitated conjugated polymer nanoparticles ideal tools for imaging in biological systems, including single particle tracking [21] , multicolor applications [22] , and biological sensor development [23, 24] . Conjugated polymer nanoparticles can also be prepared via miniemulsion [25] [26] [27] although with somewhat lower yield and typically much larger observed nanoparticle diameters. As a part of efforts to tether conjugated polymer nanoparticles to recognition molecules for cellular targeting, we have prepared reprecipitated conjugated polymer nanoparticles in the presence of amphiphilic functionalized PEG lipid, to create conjugated polymer nanoparticles encapsulated with functionalized PEG [11] . These new functionalized PEG lipid-coated conjugated polymer nanoparticles possess improved properties relative to uncoated conjugated polymer nanoparticles, including resistance to aggregation, greater solubility in aqueous solution, and increased quantum yield [11] . It has been demonstrated that uncoated CPNs contain potentially nonreproducible surface chemical defects resulting from surface polymer oxidation that occurs during preparation [28] , and surface coating by PEG may ameliorate this effect. Because of the extremely high fluorescent brightness of conjugated polymer nanoparticles in vitro, it has been suggested that these nanoparticles are attractive candidates for use as cellular labels in biological imaging. Indeed, a series of manuscripts have shown that conjugated polymer nanoparticles are efficiently taken up into cells [29] [30] [31] [32] [33] [34] . We have reported that uncoated conjugated polymer nanoparticles can be successfully used as endocytic markers [29] . However, figures of merit typically used to describe conjugated polymer nanoparticles' brightness, including extinction coefficient, quantum yield, and fluorescence cross-sectional area, are obtained outside the cell, and do not necessarily translate directly into brightness inside the cell. For example, fluorophore signal may change or show diminished brightness inside cells, as has been reported for several organic dyes [35, 36] . In addition, fluorophores may be taken up into cells with a range of uptake efficiencies, leading to variations in relative intracellular signal(s) that reflect differences in intracellular concentration rather than the brightness of individual fluorophores. As a result, direct intracellular comparison of different fluorophores under biological conditions is required to appropriately assess relative brightness for biological imaging. In this manuscript, we compare PEG lipid-coated conjugated polymer nanoparticles to commercially available Qdots and small molecule organic dyes with respect to spectral properties, mode and rate of cellular uptake, final destination in the macrophage cell line J774A.1, and relative brightness inside the cell. The resulting data indicate that these PEG lipid-coated conjugated polymer nanoparticles are exceptional candidates for biological labeling applications, including both cellular imaging and flow cytometry.
Materials and methods

Reagents
The conjugated polymer PFBT (M r 048,000; polydispersity02.7) was purchased from American Dye source (Quebec, Canada). Methoxy 2,000M r polyethylene glycol lipid was purchased from Avanti Polar Lipids. The J774A.1 mouse macrophage cell line was purchased from American Type Culture Collections. Texas red dextran (TR-dex) (M r 0 10,000), AF488-dex (M r 010,000), and carboxy Qdots 525 were purchased from Invitrogen. Allophycocyanin (APC)-labeled lysosome-associated membrane protein 1 (LAMP-1) monoclonal antibody was purchased from Southern Biotech. All other chemicals used were purchased from Sigma-Aldrich, Fisher Scientific, or VWR.
Preparation and characterization of CPNs
The method of preparation of PEG lipid-PFBT nanoparticles is described in detail elsewhere [11] . Briefly, 1 ml of PFBT (250 ppm) dissolved in HPLC grade tetrahydrofuran (THF) was diluted rapidly into 9 ml distilled-deionized H 2 O containing 50 ppm methoxy-capped 2,000M r PEG lipid under mild sonication to facilitate fast mixing. THF was removed from the suspension under vacuum evaporation and filtered through a 220-nm PVDF syringe filter. A very dilute solution (ca. 100 pM) of the resulting nanoparticles was spread on formvar copper grids by drop casting. The size of the nanoparticles was measured using a Hitachi H7600 transmission electron microscope (TEM) at 120 kV on a cryostage cooled with liquid nitrogen. The diameter of the CPNs was measured with Image J. The determined particle diameters were fit in to a Gaussian distribution using SigmaPlot (Systat). Hydrodynamic size of the nanoparticles was measured by dynamic light scattering (DLS) using a Malvern Zetasizer (ZS90) at 25°C as previously described [11] . Nanoparticle concentration was estimated from the mass of conjugated polymer diluted into aqueous solution and the TEM size, assuming complete polymer to nanoparticle conversion, as previously described [29] .
Fluorescent intensity measurements of the fluorophores (AF488-dex, Qdots, and CPNs)
Fluorescence emission spectra of AF488-dex, Qdots, and CPNs were acquired using a photon counting spectrofluorometer (Photon Technology International; QM-4). In order to achieve measurable fluorescence intensity, a 500-μM stock solution of AF488-dex was diluted to 112 nM; an 8-μM Qdot stock was diluted to 22.4 nM, and 6-nM CPN stock was diluted to 0.6 nM in water. The emission spectra of the diluted solutions were measured from 495 to 650 nm using 488 nm excitation (4 nm bandpass) for all of the three fluorophores. Fluorescence emission of each of the fluorophores was also recorded under similar conditions but using the corresponding excitation maximum for each fluorophore (494 nm for AF488-dex, 400 nm for Qdots, and 460 nm for CPNs).
Cell culture
Mouse macrophage-like J774A.1 cells were grown in Dulbecco's modified Eagle's medium (DMEM; Mediatech) supplemented with 10 % heat-inactivated fetal bovine serum (FBS; Hyclone), L-glutamine (2 mM), penicillin (100 units/ mL), and streptomycin (100 μg/mL) in a humidified incubator with 5 % CO 2 at 37°C. The viability of the cells was 97 % or more with each passage, as determined by Trypan blue exclusion assay.
Fluorescence microscopy of fluorophore uptake J774A.1 cells were grown in optical bottom culture plates until about 70 % confluent, at which time the cells were incubated with either 0.6 nM (2.7 ppm) CPNs, 22.4 nM Qdots, and 112 nM AF488-dex overnight (16 h) in DMEM +10 % FBS at 37°C and 5 % CO 2 . For co-localization experiments, 200 nM TR-dex was also added together with each fluorophore. Following incubation, cells were washed three times with Ringer's buffer (RB; 10 mM HEPES, 155 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 2 mM NaH 2 PO 4 , 10 mM glucose, pH 7.2-7.4), and incubated without extracellular fluorophore under culture conditions (chased) for ≥4 h prior to imaging. Under these chase conditions, sufficient time has elapsed that all endocytic cargo is assumed to be delivered to terminal vacuoles [1] , which for fluid-phase uptake in macrophage cells is the lysosome [37] . [1] Fluorescence imaging was performed on an inverted epifluorescence microscope (Olympus IX71) with xenon arc lamp excitation and a 60X/1.45NA objective. CPNs, Qdots, and AF488-dex were viewed with 494 nm excitation (20 nm bandpass) and 531 nm emission (22 nm bandpass), while TR-dex was viewed with excitation wavelength 575 nm (25 nm bandpass) and emission at 624 nm (40 nm bandpass).
Flow cytometric studies of fluorophore uptake J774A.1 cells grown in 35-mm culture dishes were incubated with Qdots, AF488-dex, and CPNs separately in DMEM containing 10 % heat-inactivated FBS. For time course studies, cells were incubated with fluorophore for each of 1, 2, 4, and 8 h, with 0.6 nM (2.7 ppm) CPNs, and with Qdots (22.4 nM) and AF488-dex (112 nM) concentrations that were 37-fold and 186-fold higher, respectively. At individual time points, cell plates were chilled on ice, and the cells were detached from the surface by pipetting. Detached cells were pelleted and washed 3× with RB before suspension in RB. Fluorescence from 10,000 cells was measured by flow cytometer (BD FACScan) at an excitation wavelength of 488 nm with the emission in the green channel. The data from FACScan were analyzed using FlowJo software (Treestar). In the dose-dependent studies, cells were incubated with each fluorophore for 8 h over the concentration range(s) of 22 to 600 pM (CPNs), 1.4 to 22.4 nM (Qdots), or 4.5 to 112 nM (AF488-dex). Cells were prepared for flow cytometer analysis as for the time course studies.
Immunocytochemical analysis
J774A.1 cells grown in glass bottom culture dishes were incubated with fluorophores at 37°C for 16 h in a 5 % CO 2 incubator. Cells were washed 3× with RB, and then chased for 4 h in DMEM culture medium. The cells were fixed with 4 % paraformaldehyde in RB at 37°C for 10 min, and washed 3× again with RB before blocking with blocking buffer (RB containing 1.5 % BSA, 0.3 % Triton-X solution) for 2 h at 4°C. The cells were next incubated with the LAMP-1 specific antibody labeled with APC (200-fold dilution of 0.1 mg/ml stock solution) for 16 h in RB containing 1.0 % BSA and 0.3 % Triton-X at 4°C. The cells were washed with blocking buffer 3× 15 min each at room temperature. Fluorescence imaging was performed by inverted epifluorescence microscope (Olympus IX71) with xenon arc lamp as excitation source and a 60X/1.45NA objective. The fluorescence of each of CPNs, Qdots, and AF488-dex was observed with 494 nm excitation (20 nm bandpass) and emission of 531 nm (22 nm bandpass); Allophycocyanin fluorescence of the antibody was observed with 575 nm excitation (25 nm bandpass) and emission of 624 nm (40 nm bandpass).
Blocking nanoparticle uptake using inhibitors of macropinocytosis Known inhibitors of macropinocytosis were used to help elucidate the mechanism of cellular uptake of CPNs, as described in Fernando et al. [29] . Briefly, J774A.1 cells were plated in 35-mm tissue culture plates and grown to~70 % confluence. The cells were preincubated with methyl-β-cyclodextrin (2.5 mg/mL final concentration), wortmannin (100 ng/ml final concentration), and LY294002 (20 μg/ml final concentration) in culture medium for 30 min, followed by incubation of cells with 0.60 nM (2.7 ppm) CPNs for 1.5-2 h, also in media. Methyl-β-cyclodextrin and wortmannin are insoluble in media and require dilution in DMSO; cells treated with these inhibitors were therefore exposed to small amounts of DMSO. An additional vehicle control was performed in which cells were exposed to equivalent amounts of DMSO in the absence of inhibitors prior to incubation with CPNs. Cell processing, flow cytometry measurements, and data analysis were carried out as described above. Statistical analysis of the mean fluorescence for each treatment compared to the untreated and vehicle controls was done using ANOVA in SigmaPlot. We have previously demonstrated that under these conditions, there is less than 10 % cytotoxicity from the inhibitor alone [29] , indicating that observed decreases in CPN uptake in the presence of individual inhibitors do not reflect inhibitor cytotoxicity.
Cytotoxicity studies
The Cell Titer Blue assay was used to assess cytotoxicity of CPNs. J774A.1 cells were plated at 10 K/well in a black 96-well plates in DMEM+10 % FBS at 37°C and 5 % CO 2 and incubated with CPNs in culture medium for 16-18 h at concentrations ranging from 0 (control) to 67.5 ppm (15 nM). The background fluorescence from the CPNs at λ ex 0546 and λ em 0585 nm was recorded using a Genios top reading fluorescence plate reader (Tecan). Cell Titer Blue reagent was then added to all according to manufacturer's instructions, incubated with the cells for an additional 2 h, and then the fluorescence in each well was remeasured. Individual well background fluorescence was subtracted from the total fluorescence to determine Cell Titer Blue fluorescence and then converted to percentage viability versus the untreated control wells. Statistical analysis of cell viability versus the untreated control was done using ANOVA in SigmaPlot followed by Bonferroni comparison; P values less than 0.05 were used to conclude a significant difference between samples and controls.
Results
In this study, we explore the suitability of methoxyfunctionalized PEG lipid-coated conjugated polymer nanoparticles for application as intracellular probes for cellular imaging and flow cytometry. We compare the advantages these nanoparticles offer over commercially available fluorophores such as Qdots and Alexa Fluor dextran for ex vivo cell labeling in J774A.1 cells. Our goal was to determine the relative brightness of the CPNs to Qdots and organic dyes when loaded into cells, their respective uptake efficiency and mechanism of cell entry, and their final intracellular localization. We also evaluate the cytotoxicity of PEG lipid-CPNs.
In these studies, we use CPNs as a representative PEG lipid-conjugated polymer nanoparticle. These nanoparticles were synthesized from commercially available methoxyfunctionalized PEG lipid and PFBT by reprecipitation, as previously described [11] . Based on spectral behavior and functional end group reactivity, the resulting nanoparticle structure is presumed to have a fluorescent PFBT-lipid core, surrounded by a corona of PEG molecules that results in high solution stability and increased quantum yield relative to bare PFBT particles [11] . A similar behavior was observed for PEG lipid-coated conjugated polymer nanoparticles prepared with other functional end groups (e.g., carboxy and biotin) that allow for conjugation to biorecognition molecules [11] . Transmission electron microscope characterization of the CPNs used here indicates that the particles are approximately spherical in shape with a mean particle diameter of 24±5 nm, as shown in Fig. 1a, b . Dynamic light scattering (DLS) analysis of this preparation gave a DLS diameter of 59±2 nm, with a moderate polydispersity index of 0.14±0.03. The observed size difference between TEM and DLS measurements is consistent with 20 to 30-nm differences previously reported for PEG-coated conjugated polymer nanoparticles prepared by miniemulsion [34] and presumably reflects substantial hydration of the PEG surface. Some additional inflation of measured hydrodynamic radius by small amounts of high molecular weight particles is possible in this moderately polydisperse sample, although we have seen no evidence of the existence of aggregates. The measured size for this preparation is identical to our previous preparations [11] , indicating that this method produces nanoparticles of highly reproducible size. The choice of methoxy as functional end group is arbitrary here, as we have seen no impact of the functional group in PEG lipid molecule on nanoparticle spectral behavior [11] or cellular uptake.
Nanoparticle uptake can change as a function of particle size and surface characteristics [15, [38] [39] [40] [41] as alteration of nanoparticle surface or size can lead to differential interaction with cell surface receptors that can facilitate uptake. Hence, direct comparisons of nanoparticle uptake are only relevant for nanoparticles with similar size and surface characteristics. To directly compare the behavior and uptake of these CPNs, we chose a representative commercially available Qdot with an amphiphilic coating and approximately equivalent size. In this case, the semiconductor CdSe or CdTe core with a Zn sulfide shell was coated with a carboxy-functionalized (proprietary) amphiphilic polymer layer. The result was a ca. 20-nm quantum dot with a hydrophilic surface. A range of commercially available fluorescent dyes are available for comparison to the CPNs; we chose to use AF488-dex since it is among the brightest of the available organic dyes at the wavelength typically used for biological imaging and flow cytometry. As a result, signal performance of AF488-dex relative to CPNs represents a "best case" behavior for organic dyes.
Biological imaging and analysis is typically carried out with 488 nm excitation, using a 488-nm argon-ion laser. In particular, commercially available flow cytometry instruments widely used to detect cell labeling are equipped with 488 nm excitation. We compared the spectral behavior of CPNs to Qdots and AF488 under these conditions. Figure 2a shows a comparison of the fluorescence intensities of the three fluorophores at an excitation wavelength of 488 nm. In this case, CPNs are so much brighter than either Qdots or organic dyes that they cannot be compared at equivalent concentrations; concentrations that allow adequate AF488 signal result in overloaded detection for CPNs. Spectra shown in Fig. 2 were obtained with 0.6 nM (2.7 ppm) CPNs, while Qdots and AF488-dex concentrations were 37-and 186-fold higher, respectively. The spectra demonstrate that CPNs have a wide emission spectrum (λ max 0540 nm) compared to Qdots and AF488-dex. Based on the integrated fluorescence intensity under the spectra, we estimate that the measured signal intensity for CPNs would be 160 times brighter than Qdots and 600 times brighter than AF488 under these conditions when corrected for the differences in concentration of the different fluorophores. We note that these measurements were not obtained at the excitation maximum for either CPNs (λ max 0460 nm) or Qdots (λ max 0400 nm). When the fluorescence intensity was compared using the respective absorption maxima of each fluorophore (Fig. 2b) , CPNs have still higher relative signal; CPNs are ca. 37-fold brighter than Qdots and 510-fold brighter than AF488-dextran under ideal excitation conditions. We have seen no impact of functional end group on PEG lipid-coated conjugated polymer nanoparticle spectra or quantum yields; hence, data obtained for CPNs also reflect that for PEG lipid-coated PFBT nanoparticles with other PEG lipid end groups [11] . We note that singlemolecule brightness comparisons have been made between Qdot 565, IgG-AF488, and a polystyrene PEG PFBT Np prepared using an alternate protocol [42] ; the relative brightness of this alternative type of PFBT CPN was reported to be somewhat lower than we observe here.
Relative fluorophore uptake and intracellular brightness
We compared the efficiency and mechanism of CPNs uptake into J774A.1 macrophage cells with that for commercial , and 112 nM AF488-dex (dotted) obtained using a excitation wavelength of 488 nm and b at the optimal excitation wavelength of each fluorophore (494 nm for AF488-dex, 400 nm for Qdots, and 460 nm for CPNs; excitation bandpass04 nm). All spectra were acquired using a steady-state spectrofluorometer (emission bandpass04 nm)
Qdots and AF488-dex dyes under equivalent conditions. Our goal was to determine the relative brightness of the CPNs versus Qdots and organic dyes in vivo, and to evaluate their respective mechanism of cell entry and final intracellular location(s).
First, to determine the time course of fluorophore uptake and to quantify the resulting intracellular signal, cells were incubated with each of CPNs, Qdots, and AF488-dex over time periods up to 8 h. The intracellular fluorescence of each loaded cell was determined by flow cytometry (Fig. 3) . As for in vitro experiments, cells were incubated in higher concentrations of Qdots and AF488-dex in order to place the signal from these fluorophores on the same scale as the CPN signal. As shown in Fig. 3 , we were able to observe good CPN signal with an hour-long incubation at a concentration of 0.6 nM (2.7 ppm) whereas 37-fold and 186-fold higher concentrations of Qdots and AF488-dex took ca. 2 and 4 h, respectively, to get a discernable fluorescent intensity. This difference in time to achieve measureable intracellular fluorescence reflects differences in fluorophore brightness, and does not necessarily imply a difference in the uptake mechanism. After an 8-h incubation, the observed intracellular CPNs fluorescence was ca. 175-fold and 1,400-fold greater than Qdots and AF488-dex fluorescence intensities when corrected for the differences in fluorophore concentration bathing the cell. We note that this correction for differences in extracellular fluorophore concentration assumes equivalent uptake efficiency; apparent intracellular brightness could be inflated or diminished by differences in relative uptake efficiencies for the different fluorophores. Regardless of assumptions, these observations indicate that CPNs are efficiently taken up into this cell type, and have remarkably bright intracellular fluorescence.
To examine the relationship between extracellular fluorophore concentration and intracellular fluorescence for CPNs, Qdots, and AF488-dex, J774A.1 cells were incubated for 8 h with each of the three fluorophores over a range of concentrations; as for previous experiments, concentrations of Qdots and AF488-dex were 37-fold and 186-fold higher than that used for CPNs. The resulting cell-associated fluorescence under each condition was quantified by flow cytometry. As shown in Fig. 4 , cellular uptake of each fluorophore resulted in a dose-dependent cellular fluorescence detectable by flow cytometry. These data indicate that extremely low concentrations of the CPN label can be detected in live cells using a standard flow cytometer equipped with a <15-mW argon ion laser. Depending on the sensitivity of the individual cytometer, even lower concentrations of CPNs could be detectable.
The higher intracellular signal of CPNs compared to Qdots and AF488-dex is highlighted by their relative detection limits under these conditions. While the observed detection limit for CPNs was 19 pM (86 ppb), corresponding detection limits for Qdots and AF488-dex were 980 pM and 11.2 nM, respectively.
CPN concentrations used in this study are low. CPNs form in response to dilution from an organic phase to an aqueous phase, resulting in a stock solution with low CPN concentrations. It should be noted that we have further diluted this low concentration into media for cell studies. However, given the extremely bright fluorescence of these particles, these very low loading concentrations are more than adequate, and we have investigated cell loading over the range of concentrations likely to be used. Also, we have previously demonstrated that the high solution stability of PEG lipid-coated conjugated polymer nanoparticles allows these particles to be concentrated via ultrafiltration [11] . Hence, if higher concentrations were required for specific experiments, such as toxicity studies, these low concentration stock solutions could be concentrated to allow treatment of cells with dramatically more concentrated CPN solutions.
Fluorophore uptake mechanisms
Application of different fluorophores as labels for cellular imaging or flow cytometry requires that their final intracellular location be established. For example, dextran-coupled dyes have been widely used as intracellular labels, an application that takes advantage of their known fluid-phase uptake and trafficking to lysosomes [1] . To investigate the Fig. 3 Time course of fluorophore uptake by cells. J774A.1 cells were pulsed with AF488-dex (black; 112 nM), Qdots (light grey; 22.4 nM), or CPNs (dark grey; 0.6 nM) for the indicated times, and cellassociated fluorescence was analyzed by flow cytometry. Error bars represent the standard deviation of the mean fluorescence at 488 nm excitation for at least three independent measurements of 10,000 cells uptake and cellular trafficking of CPNs, and to compare it to that for Qdots and AF488-dex, a series of experiment were performed in J774A.1 macrophage cells.
In the first set of experiments, cells were incubated in fluorophore solutions overnight in the presence of TR-dex, washed to remove any extracellular fluorophore, and then incubated under culture conditions (chased) for at least an additional 4 h prior to imaging. Since dextran-labeled dyes can be present in a variety of endosome types (e.g., early endosomes, late endosomes, late endosome-lysosomal fusion compartments, lysosomes) depending on the timescale of the experiment following initial uptake [37] , a long chase was necessary to allow sufficient time for all endocytic cargo to be delivered to terminal vacuole(s), which for fluid-phase uptake in macrophage cells is the lysosome [37] . A 2-h chase is generally assumed to be sufficient for complete lysosomal delivery [1] , and macropinosomes have been shown to deliver fluid-phase cargo to lysosomes in less than 20 min [37] . Hence, a 4-h chase, as chosen here, is more than sufficient to allow all fluorophores to be delivered to lysosomes. In addition, use of a long pulse and chase helped minimize cell-to-cell variation frequently observed when using shorter experimental time scales. Figure 5 demonstrates that under these conditions, each fluorophore was taken into the cell, resulting in a vessicular staining pattern of intracellular fluorescence consistent with fluorophore localization in intracellular organelles (green), rather than dispersed uniformly throughout the cytosol. A comparison of the cellular localization of each of the fluorophores ( Fig. 5; green) demonstrates that the pattern of TR-dex fluorescence (red) mirrors (i.e., merges with) that for each of CPNs, Qdots, and AF488-dex in these experiments. Dextran-coupled dyes are known to be taken up by host cells via fluid-phase pinocytosis (usually macropinocytosis) and are trafficked along the cell's endocytic pathway, finally accumulating in lysosomes [1] . Hence, co-localization of TR-dex and the respective fluorophores in these experiments indicates trafficking to the lysosome, and suggests simultaneous uptake via a single endocytic mechanism. These data suggest that each of these fluorophores enters the cell via a fluid-phase endocytic mechanism, and are ultimately located in membrane-bound organelles, presumably lysosomes, located in the perinuclear region of the cells. We point out that under the conditions of these experiments, cells could not phagocytose extracellular material (cells were grown in complement-free media to preclude complement-mediated phagocytosis and nanoparticles were not opsonized, to prevent F c receptor-mediated phagocytosis). Hence, fluorophores entering the cell through endocytic mechanism(s) in these experiments must do so through fluid-phase endocytosis, rather than phagocytosis.
Additional support for fluid-phase endocytosis as the mechanism of fluorophore entry under these conditions was provided by uptake experiments performed on ice. In these experiments, cells were bathed in the different fluorophores and incubated on ice. At low temperatures, cells cannot take in extracellular material by energy-dependent endocytic mechanisms, and any CPN fluorescence associated with cells under these conditions must result from either CPN binding to the cell surface or via energy-independent uptake mechanisms such as diffusion through the cell membrane. After washing cells with ice-cold buffer, the relative intracellular fluorescence was evaluated by flow cytometry (Fig. 3) . For each of the fluorophores, very little cell-associated fluorescence can be observed under these conditions. This observation is consistent with uptake by an energy-dependent mechanism (i.e., endocytosis), and rules out simple diffusion as the mode of fluorophore uptake since some diffusion could still occur at low temperature. In addition, the lack of interaction with the cell surface indicates that uptake does not occur through receptor-mediated endocytosis, which is initiated by interactions with receptors on the cell surface. However, while the fluorescence at 488 nm excitation for at least three independent measurements of 10,000 cells. Normalized fluorescence intensity at each dosage reflects the ratio of mean fluorescence intensity value at that dosage to mean fluorescent intensity value of the highest dosage fluorescent intensity of the CPN and AF488-dex samples incubated on ice were a very small percentage of the corresponding value at 37°C (0.2 and 2 %, respectively), a somewhat higher value was observed with Qdots (13 % of the value at 37°C). This observation suggests that there may be small amounts of either binding to the cell membrane or energy-independent cellular uptake, such as diffusion through cellular membranes, for these Qdots.
Flow cytometry experiments cannot distinguish between intracellular fluorescence and fluorescence resulting from fluorophore adsorption to the cell surface. Hence, the low measured CPN fluorescence observed by flow cytometry at low temperature indicates that there is very little physical adsorption (or receptor binding) of CPNs to the cell surface. A PEG coating is believed to reduce interaction with the cell surface for other nanoparticles, including Qdots [9, 43] . Consequently, the observation of little or no association of CPNs with the cells at low temperature is not unexpected. Similarly, dextrancoupled dyes do not typically interact with cell surfaces [44] , consistent with the low AF488-dex fluorescence also associated with cells at low temperature. In contrast, the Qdots fluorescence associated with cells at low temperature may reflect adsorption of the proprietary amphiphilic coating to the cell surface, as well possible energy-independent uptake mechanism(s) such as diffusion through the cell membrane or receptor-mediated endocytosis.
A subsequent set of experiments were designed to further confirm that CPNs, like other fluid-phase markers, are ultimately delivered to lysosomes. LAMP-1 or CD107a is a protein that is trafficked to the membranes of late endosomes during endosomal maturation, and is retained in the lysosomal membrane [45] . Late endosomes mature to lysosomes or fuse with and/or deliver their contents to lysosomes [37] , and the presence and contents of these vacuoles are closely linked [46] . Hence, while LAMP-1 cannot be used to identify lysosomes in the absence of late endosomes, it is commonly used to identify the presence of lysosome or lysosome-like late endosomes. To demonstrate that CPNs are finally localized to lysosomes in macrophage cells, immunocytochemical analysis was carried out using a Cy5-labeled anti-LAMP-1 antibody. In these experiments, a pulse-chase experiment was performed in which cells were incubated with fluorophore to allow uptake, washed, and incubated without extracellular fluorophore for ≥4 h, more than sufficient time to allow delivery of endocytic cargo to lysosomes. Cells were then fixed and stained with anti-LAMP-1 antibody. As shown in Fig. 6 , CPN fluorescence (green) is present in large compartmentalized LAMP-1 Fig. 5 Fluorophore co-localization with TR-dex. J774A.1 cells in individual glass bottom culture dishes were pulsed overnight with fluorophores in the presence of TR-dex and chased for ≥4 h prior to imaging. Green images reflect CPN, Qdot, and AF488-dex fluorescence; red images reflect TR-dex fluorescence; in the merged image, yellow color indicates co-localization. Because of the differences in relative brightness, the different fluorophores were loaded into cells at different concentrations (CPNs00.6 nM, Qdots022.4 nM, and AF488-dex0112 nM). Scale bars010 μm Fig. 6 Co-localization of fluorophores with LAMP-1. J774A.1 cells were pulsed with CPNs (0.6 nM), Qdots (22.4 nM), or AF488-dex (112 nM), followed by a ≥4-h chase. Cells were then paraformaldehyde fixed, detergent permeabilized, and stained with an anti-LAMP 1 APCconjugated antibody. Green images reflect CPN, Qdot, and AF488-dex fluorescence; red images reflect APC fluorescence; in the merged image, yellow color indicates co-localization of fluorophores and LAMP 1. Scale bars010 μm immunostained organelles (red) near the nucleus; the fluorophore signal co-localizes with anti-LAMP-1 antibody (merge). Similar results were obtained for Qdots and AF488-dex. Together, these data confirm that each fluorophore is taken up by these cells via solution phase endocytosis and is ultimately trafficked to LAMP-1-containing lysosomes.
We have previously demonstrated that uptake of uncoated PFBT nanoparticles in J774A.1 macrophage cells takes place via macropinocytosis. For these bare particles, uptake was inhibited in the presence of chemical compounds that interfere with individual aspects of macropinocytosis (i.e., wortmannin, cyclodextrin, and LY294002), while compounds known to inhibit other uptake mechanisms had no effect [29] . We performed a similar analysis with these PEG lipid PFBT particles. To establish that CPNs are taken up by macropinocytosis, we evaluated the sensitivity of uptake to wortmannin and LY294002, which block the action of phosphoinositide 3-kinase (PI3K) [47] . Since PI3K is required for spontaneous cell surface ruffling that is an integral part of macropinocytosis [47] , inhibition of uptake in the presence of wortmannin and LY294002 indicates that nanoparticles enter the cell through macropinocytosis. As shown in Fig. 7 , both wortmannin and LY294002 result in significant inhibition of CPN uptake. An additional inhibitor, methyl-β-cyclodextrin, which inhibits cholesterol formation, also significantly reduces CPN uptake. Since cholesterol is involved in cell surface ruffling, inhibition by cholesterol is also consistent with CPN uptake via macropinocytosis. Together, these data indicate that like uncoated CPNs, PEG-coated CPNs are taken into macrophage cells via macropinocytosis. Since macropinocytosis is a nonspecific uptake mechanism that does not require interaction with cell surface receptors [48] , this characterization also indicates that interaction of CPNs with the cell surface is not required for uptake, consistent with the lack of CPN interaction with cell membrane observed at low temperature.
Evaluation of nanoparticle toxicity
The utility of a given probe for biological imaging or analysis is compromised if the probe causes cell death or other deleterious effects. Hence, we evaluated the cytotoxicity of CPNs in cells over the concentration range likely to be used in cell imaging. First, cells were incubated with increasing amounts of CPNs for 16-18 h, and the percentage of live cells was determined using the Cell Titer Blue Assay (Fig. 8) . Notably, the percentage of live J774.A1 cells in CPN-treated wells was similar to the controls (i.e., cells that had not been exposed to CPNs) at every CPN concentration tested (P>0.05). These data indicate that CPNs have no discernable impact on cell viability over this concentration range. In addition, CPN loaded cells were examined under DIC illumination (×600) using an epifluorescence microscope; we observed no detached cells Fig. 7 Disruption of CPN uptake by macropinocytosis inhibitors. J774A.1 cells treated with β-methyl cyclodextrin, wortmannin, and LY 294002 were incubated with identical concentrations of CPNs, and cellular uptake was evaluated by flow cytometry. Data are presented as a percentage uptake relative to cells not treated with inhibitors; CPN uptake into cells in media in the absence of inhibitors (positive control) represents 100 % uptake, and cellular fluorescence in the absence of both inhibitors and CPNs (negative control) represents 0 % uptake. β-methyl cyclodextrin and LY 294002 are insoluble in media and were delivered to the cells in DMSO. The vehicle control reflects experiments in which equivalent volumes of DMSO were delivered to cells in the absence of inhibitors prior to incubation with CPNs in media. Data reflect the mean cell-associated fluorescence at 488 nm excitation for at least three independent measurements of 10,000 cells. Error bars are standard deviations Fig. 8 Cytotoxicity of CPNs. Cells were incubated with the indicated concentrations of nanoparticles for 16-18 h, and viability analyzed using the Cell Titer Blue Assay. Percent viability is relative to cells incubated without CPNs. The standard deviation is shown based on the average of the wells used for each concentration. All nanoparticle concentrations resulted in P values >0.05 when compared with untreated control samples or membrane blebbing that would reflect cell damage, even at the highest concentrations evaluated (67.5 ppm). Hence, these data indicate that these CPNs are not toxic to the macrophage cell line at the highest tested concentration. We note that the highest concentration evaluated for toxicity is ca. 25-fold higher than the working concentration needed for cell labeling.
Discussion
We have prepared small (24 nm) conjugated polymer nanoparticles via reprecipitation in the presence of methoxy PEG lipid. This method results in highly stable nanoparticles with extremely bright fluorescence, and different preparations consistently yield particles of equivalent size [11] . Nanoparticles of similar composition but larger size can also be prepared by miniemulsion [10, 34] . Reported outstanding figures of merit for CPNs suggest their application as labels for cellular imaging and analysis [31, 32, 42] . However, intracellular conjugated polymer nanoparticles brightness had not been evaluated with respect to competing labels. In this study, we compared the performance of CPNs with widely used commercially available fluorophores to analyze suitability for biological applications, including brightness under spectral condition likely to be used for both biological imaging and flow cytometry. These comparisons use 488-or 494-nm excitation, rather than the relative absorption maxima of either CPNs or Qdots, since these excitation wavelengths are commonly used for flow cytometry and imaging applications using argon ion lasers. In vitro comparison of fluorophore intensity in a steady-state spectrofluorometer at an excitation wavelength of 488 nm indicates that when corrected for concentration differences, measured signal intensity for CPNs is ca. 160 times brighter than the Qdots and 600 times brighter than AF488 at this wavelength. However, the relative brightness of CPNs is much higher inside cells. We performed experiments in which cells were loaded with fluorophore by incubation with defined concentrations of fluorophore, and the fluorescence associated with those cells was evaluated by flow cytometry. Assuming equivalent cellular uptake and after correction for differences in fluorophore concentration, we estimate that the intracellular fluorescence signal of CPNs is 175 times brighter than the corresponding Qdots signal and 1,400 times brighter than AF488-dex under these conditions. We note that neither CPNs nor Qdots are excited on resonance for these experiments, leading to somewhat reduced brightness for each of these fluorophores. However, the wavelengths chosen reflect conditions typically used for biological imaging and flow cytometry, and measured brightness obtained under these conditions is the appropriate comparison for these cell-based applications.
Flow cytometry experiments, as used here to assess intracellular signal, cannot distinguish between intracellular signal and signal resulting from fluorophore adsorption to the cell surface, and our reports of relative intracellular brightness assume that fluorophore signal measured by flow cytometry reflects intracellular fluorescence. This assumption is supported by experiments in which the different fluorophores were incubated with cells on ice, and the resulting cell-associated fluorescence was measured by flow cytometry. Very little resulting fluorescence was associated with cells under these conditions. Since low temperatures would necessarily inhibit active uptake but not interaction with the cell surface, the observed negligible fluorescence under these conditions suggests that any contribution from fluorophore interaction with the cell surface is small. We point out that Qdots show the largest amount of uptake and/ or cell surface adsorption when incubated on ice, and it is therefore probable that some quantity of Qdots are associated with the cell surface and/or taken into the cell by mechanism(s) not available to CPNs or dextran-coupled dyes.
Analysis of the mechanism of CPN uptake indicates that these particles are taken up by J774A.1 macrophage cells via fluid-phase endocytosis. Co-localization of intracellular CPNs with TR-dex and inhibition of uptake in the presence of wortmannin, LY294002, and β methyl cyclodextrin give evidence that the mode of endocytosis is macropinocytosis, similar to our previous observations of uncoated PFBT nanoparticles uptake in macrophage cells [29] . In contrast to the majority of endocytic uptake mechanisms, macropinocytosis does not require interaction with the cell surface to initiate uptake [48] ; instead, extracellular material is taken into the cell via spontaneous actin-mediated ruffles that nonspecifically enclose extracellular solution. Since it has been observed that PEG coating of nanoparticles can inhibit interaction with cell surface receptors responsible for other fluid-phase uptake mechanisms [9, 43] , entry of CPNs via this nonspecific fluid-phase uptake mechanism is perhaps not surprising. While macrophage cells have particularly high levels of constitutive macropinocytosis, many cell types can take in extracellular material by this mechanism [49] , and would therefore be amenable to labeling with CPNs, with the modification of somewhat longer incubation time. For example, we have observed efficient conjugated polymer nanoparticle uptake into non-macrophage Chinese hamster ovary cells (unpublished data).
Co-localization of CPN fluorescence with TR-dex and labeled anti-LAMP-1 antibodies indicates that following macropinocytic uptake, these nanoparticles are trafficked from endosomes to lysosomes. In this respect, these nanoparticles behave similarly to the range of dextran-conjugated organic dyes such as Lucifer Yellow dextran, TR-dex, and FITC-dextran that are commonly used as fluid-phase markers. Such fluorophores have been widely utilized as specific labels of endocytic compartments for analysis of cell function and endocytosis [1] . We suggest that the high brightness of these PEG lipid CPNs, combined with their easy synthesis, resistance to aggregation, and photostability, makes them highly attractive substitutes for historically used fluid-phase markers. For example, we have shown here that these characteristics allow them to be used as intracellular markers for flow cytometry.
We have previously demonstrated that functionalized PEG lipid-coated CPNs can be conjugated to biorecognition molecules and targeted to specific cell surface receptors [11] . Howes et al. have demonstrated coupling of larger PEG lipid-coated conjugated polymer nanoparticles to BSA, as proof of principle that the PEG lipid functional group can be used to couple nanoparticles to proteins for targeted delivery [34] . Depending on the biorecognition molecule used and the choice of receptor to be targeted, such conjugation to specific biologically relevant molecules could initiate cellular uptake via receptor-mediated endocytic mechanisms, with subsequent delivery to individual cellular locations that could include the nucleus, cytosol, or individual organelles [50, 51] . In this case, targeted delivery with minimal competition from macropinocytic delivery would be made possible simply by using a cell line with low levels of constitutive macropinocytosis. In cell line with higher rates of macropinocytosis, targeted delivery could be facilitated by experimental conditions that minimize nonspecific endocytosis; targeted CPNs could be incubated with cells on ice and washed to remove CPNs not bound to cell surface receptors prior to incubation at physiological temperatures to allow endocytic uptake.
Notably, evaluations of possible CPN cytotoxicity show no impact of nanoparticles on cell viability or structure at all tested concentrations. Similar low cytotoxicity was observed for unmodified PFBT nanoparticles [29] and other conjugated polymer nanoparticles [31] , indicating that the benign behavior of these nanoparticles may reflect the characteristics of the conjugated polymer core, rather than simple shielding by PEG. While loading concentrations tested for cell damage were low, they are well above concentrations likely to be used for cell studies, given the extreme fluorescent brightness of this label.
A dogma of fluorescence labeling in cellular biology is that the amount of fluorophore probe added to the cells is sufficiently small so as to not perturb cell function. Depending on the concentration, even routinely used probes can impact the system being measured (e.g., FITC-dextran is used to measure intralysosomal pH, but is also a weak acid that could potentially act as a buffer). Hence, the lower probe concentration required for a given application, the less likely the probe is to alter the system under observation, and extremely fluorescent probes suitable for use at low concentrations are very desirable. Data presented here clearly indicate that the extreme brightness of the CPNs allows use of very low labeling concentrations inside the cell. When combined with their low cytotoxicity, these evaluations clearly demonstrate the high utility of conjugated polymer nanoparticles as labels for both biological imaging and flow cytometry.
